Abstract: This paper describes the dynamic interaction between plasmons in a two dimensional electron gas system under electrical tuning to the high density regime in AlN/GaN high electron mobility transistor. The results demonstrate an enhanced resonance when the two plasmons are commonly excited, during which the potentially splitting phenomenon of such resonance is explored in detail. An asymmetrical plasmon possess wide frequency tunability has also been demonstrated in the AlN/GaN system, on the contrary, the results also indicate a finite tunable regime of symmetricalplasmons as limited by the coupling strength between such plasmons. For the devices with narrow gate-fingers, significant near-field enhancement can be obtained due to the strong cavity pumping of electromagnetic energy. These properties may have important applications including highresponsivity quantum-dot detection systems, THz modulator etc. 
Introduction
Since the last decade, terahertz (THz) technology has grown dramatically due to its potential advantage in applications like imaging, medical, security and industrial controls [1, 2] . However, the development of sensing systems utilizing THz technology is still at its embryonic stage partly due to the lack of THz detectors of high sensitivity with a wide frequency response at room temperature [2, 3] . Recently the field effect transistor (FET) and high electron mobility transistor (HEMT) detectors utilizing two-dimensional (2D) plasmons have been the focus of great interest [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The nonlinear behavior of collective charge density oscillation (plasmon) in FET and HEMT can lead to the rectification of the ac voltage induced by the incoming THz radiation [10, 15, 16] . In comparison with the intersubband transitions detectors, the plasmonic devices are more suitable for room temperature operation since the plasmonic excitation does not saturate with temperature [5, 13] . Furthermore, the propagation velocity of charge density perturbations is an order of magnitude faster than the transferring velocity of carriers in real-space, which is benefit for the development of realtime THz camera [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] .
Recently, a large-area slit-grating-gate AlGaN/GaN-based HEMT device possesses wide tunability of resonance absorption at THz frequency due to the high electron density induced by the polarization effect [26, 27] . Additionally, the high electron density in the channel of GaN devices can increase the operating frequency of fundamental plasmon and expand the applications of plasmonic devices at THz band. In this paper, the 2D plasmon resonances and relevant dynamics in AlN/GaN HEMT under tuning to the high density regime are considered. The excitation of plasmon resonances in different regions of a channel, their interaction and the absorption tunability are discussed in detail. The relevant dynamics of ungated plasmons in the channel exhibit some properties different from those reported in previous work.
Device description and characteristic parameters
An AlN/GaN HEMT structure with 2μm thick GaN buffer layer is shown in Fig. 1 schematically. The structure can be grown on c-plane sapphire or SiC substrate by either metal organic chemical vapor deposition or molecular beam epitaxy [28] [29] [30] . Room temperature Hall measurements indicate that the 2DEG concentration in the kind device can exceed 3 × 10 13 cm −2 . The mobility is approximately 1200cm 2 /Vs (corresponding to the electron relaxation time τ = 0.14ps) at room temperature. Further improvement in channel conductivity can be achieved by growing thin Al 2 O 3 layer with atomic layer deposition (ALD) or thermal oxide methods as shown by Dabiran et al. [28] and Taking et al. [31] . The AlN barrier layer and Al 2 O 3 layer are 5nm thick each, beyond which the strain relaxation of barrier layer happens [29] . The device fabrication can be completed after deposition and patterning of gate electrodes (the electron-beam lithography can be used for processing the grating-gate [27] ). It has been known that both the gated and ungated channels can support a plasma wave with dipole oscillation along the channel (symmetrical mode (SM)) [20, 32] . Recently, Wang et al. have illustrated that another plasmon with dipole oscillation vertical to the channel can also exist in the gated region of a channel (asymmetrical mode (ASM)), which is the result of electromagnetic interaction between the two surface electrons of the channel [33] . Here, the electromagnetic response of 2DEG in a local approximation is described by Drude conductivity σ(x) = Ν (x)e 2 τ/m*(1-iωτ), in which m* is the effective electron mass, τ is the scattering time caused by the phonons, impirities etc., e is the elementary charge, N(x) is the sheet electron density along the channel. Generally, the electron density N(x) in the gated region of a channel is different from that in the ungated region, even though there is no electric field added. The electron density distributions can be obtained by solving the Poisson equation as in [34] . With the extracted parameters, the Drude-conductivity is embedded by a convolution method to describe the plasmonic oscillation along the channel of AlN/GaN HEMT [9, 20, 33, 35] .
Results and discussions

The gated and ungated SM plasmon resonance absorptions
The electron densities in the gated and ungated region of the channel are about 1.93 × 10 13 cm −2 , and 1.82 × 10 13 cm −2 under zero gate voltage by self-consistently solving the Possion equation with the polarization charge included in each layer. In Fig. 2 , the plasmonic absorption spectra are shown for the device with 1.2μm gate length and different slits between gate fingers. From the figure, we can see that a broad absorption band ranging from 1THz to 16THz can be obtained. The resonant peaks superimposed on top of the background absorption are mainly caused by the excitation of plasmons in the channel. Meanwhile, based on the field-profile under THz excitation, the in-plane dipole distributions of plasmon are displayed in the inset of the figure for better understanding. The dipole distribution of peak a 1 (gated mode) is shown at the upper part of the figure (while the peaks a 2 , a 3 …are the higher order modes of resonance a with similar dipole distributions but smaller net dipole moment than that of peak a 1 ), and the dipole distribution of peak b(ungated mode) is shown at the bottom part. By eliminating the Drude background absorption [9, 36] , it can be found that the higher order plasmon resonance of peak a is strengthened successively when the size of gate slits decreases. For example, the plasmon resonances up to 6th order can be excited in the device with 0.1μm-slit, which is benefiting from the strong coupling between THz radiation and plasmons. Hence more energy can be transferred from external radiation to the 2D plasmons, and increase the amplitude of charge oscillating in the channel [37] . The dispersion relations of the plasmons in the gated and ungated regions of channel follow the rules as given in [17, 20, 27 ,38], 
in which the condition of the plasma wave vector k 1,2 d <<1 can be satisfied in our structure, and n s is the sheet electron density in the channel, ε 0 is the permittivity of vacuum, and ε r and ε 2 are the relative dielectric constant of barrier slab and buffer layer, respectively. For a narrow slit grating gate, the wave vector k 1 satisfies the selection rule 2πn/L (n = 1, 2, 3…), L is the grating period. The mode indexes n of resonances a 1 , a 2 , a 3 …are 1 (fundamental mode), 2 (second order mode), 3 (third order mode)…, respectively, and their frequency interval Δf remains almost constant about 1.3THz. By increasing the slit-width, the resonant peaks of higher order gated-plasmons become broader and are smeared out alternatively due to several potential mechanisms: i) nonradiative decay of gated plasmon resonance as reported in [36] , (ii) the poor coupling efficiency between plasmons and THz radiation for the higher order plasmons with smaller net dipole. However, there may be one exception if the frequencies of gated and ungated plasmon approach with each other, the anti-crossing regime (such regime refers to the plasmon resonant excitation in adjacent channels which have different dimensions or dielectric environment). Popov et al. have predicted that splitting of the resonant peaks may take place when the gated and ungated plasmons are near resonance each other [36, 39] . For wider gate-slit, the frequency of ungated plasmons decreases and approaches to that of gated plasmons. However, the rapidly overdamping of higher order gated plasmons makes the phenomenon unobservable.
The interaction between gated and ungated SM plasmons at the anti-crossing regime
For better understanding the interaction between gated and ungated SM plasmons at the anticrossing regime, we turn our attention to the plasmon resonance in the devices with different dimensions and electron densities. Figures 3(a) and 3(b) show the absorption spectra of devices with 1.2μm gate length and 2μm slit, and 0.5μm gate length and 0.4μm slit, respectively. Two different mobility values are used in Fig. 3 (1200cm 2 /Vs and 3000 cm 2 /Vs in Fig. 3(a), 3000cm 2 /Vs and 5000 cm 2 /Vs in Fig. 3(b) ). The higher value is utilized to reduce the plasmon resonance linewidth caused by the dissipative damping. It is observed that some additional peaks are growing up with the larger mobility (green dotted line in Fig. 3(a) ). Further, the resonance peaks around 4.9THz (b 1 ) and 8.2THz (b 2 ) (green dotted line in Fig.  3(a) ) are caused by the fundamental and second order ungated plasmons. It can be found that the frequency of the fundamental mode is about 2.3 times smaller than that with the 0.4μm gate slit (red dashed line in Fig. 3(a) ) in accordance with the dispersion relation given in Eq. (2), while the higher order gated mode is so weak that we do not identify any abnormal phenomena. Stronger gated plasmon resonance can be found in Fig. 3(b) with some different parameters. The second order gated plasmon resonance (a 2 ) can be clearly visible at around 5.6THz (solid and dotted lines). In similar to the situation in [40] , the second order is damped out when the electron density ratio between ungated and gated channel is around 0.6~0.8 (plasma oscillation spreading out much easier over the side of channels). According to the Eq.
(1), the third order gated plasmon resonance should be around 8.5THz approaching the ungated plasmon resonance. To our interests, the resonant peak at this frequency (dashed line in Fig. 3(b) ) is extraordinary strong as compared with lower order modes (solid and dotted lines), which is completely different from those in Fig. 2 . Fig. 3 . Plasmonic absorption spectra of the devices with different charge densities and structural sizes: (a) 1.2μm gate length and 2μm slit, blue solid and green dotted lines correspond to the lower mobility 1200cm 2 /Vs, and higher mobility 3000 cm 2 /Vs, respectively; the spectrum of the device with 0.4μm slit and 1.2μm gate length from Fig. 2 is also shown (red dashed line) for the convenience in comparison; (b) 0.5 μm gate length and 0.4μm slit, blue solid and green dotted lines correspond to lower mobility 3000cm 2 /Vs and higher mobility 5000cm 2 /Vs, respectively; the spectrum of the device with higher density 2.37 × 10 13 cm −2 in gated channel is also shown for the convenience in comparison (red dashed line). The sheet electron densities, if not specified, are 1.93 × 10 13 cm −2 , 1.82 × 10 13 cm −2 in the gated and ungated channels, respectively. The peaks b 1 and b 2 in the upper panel are the fundamental and second order ungated plasmon resonances, and the peak a 2 in the lower panel is the second order gated plasmon resonance. Ls is the width of gate slit, Lg is the length of gate finger.
In order to understand better, the devices both with and without gratings are tried. Figure  4(a) shows the absorption spectra of devices with different electron densities in the ungated region of channel. In the meantime, the plasmonic spectra of devices without the gate are shown in Fig. 4(b) . The purpose is to reduce the frequency-interval between gated and ungated plasmons, and then reveal the intrinsic physics of plasmon inter-mode interaction at the anti-crossing regime. Still, the splitting of plasmon resonance does not occur at the anticrossing regime, which is around 6THz or 8THz for the device with or without gate. Instead, only a single resonant peak with the enhanced resonant strength can be observed.
It can be clearly seen that resonances S 1 and S 2 or S 3 and S 4 are excited nearly independently in the channel even though the spreading of electric field causes energy-loss or forced plasmonic oscillation along the adjacent channels (Fig. 4(c) ). When approaching the anti-crossing regime, energy-loss can be reduced because the oscillating charges at the adjacent channels can be induced not only by the plasmon scattering but also by the incoming THz wave. As a result, the plasmon resonant enhancement takes places in Figs. 4(a) and 4(b) . The fact that the splitting phenomenon of plasmon resonance at the anti-crossing regime does not occur, may be due to (a) the in-phase charge oscillating across the boundaries between gated and ungated channels, or (b) no dipole moment being formed at these boundaries for hybridization of the plasmons. It has been indicated that the splitting of plasmon resonance is related to the different dipole distributions, as shown in [33] .
(c) 
The field distributions of ungated SM plasmons, and ASM plasmons in gated and ungated channels
The gated and ungated plasmons mentioned above are the SM plasmons with dipole oscillation being confined along the 2D channel plane. In fact, the channel in the device is not really the two-dimensional system, especially for the one with thick quantum step. So it is possible to exhibit collective charge density oscillation vertically to the channel, so-called ASM plasmon in [33] . In the following, we consider the spectral characteristic of plasmons in the devices with the larger gate slits in Fig. 5 .
Actually, the gated plasmons are not activated in Fig. 5 due to the broadening of the resonant line with larger gate slit. The resonant peaks with the frequency lower than 14THz are mainly dominated by the ungated plasmons, which are sensitive to the change of slit width (seeing the dashed line in Fig. 5(a) ). And the frequency of these resonant peaks is not sensitive to the electron density under the gate or the gate voltage. The result is different from that in [20] and can be explained in Sec.3.4. Unlike the ungated plasmons, the resonant peaks marked as C 1 and C 2 can be tuned by the gate voltage, similar to that of the gated plasmons. Based on the field distribution under THz wave excitation, the types of dipole oscillations for these two peaks are in agreement with the ASM plasmons as mentioned above. Moreover, the peak C 1 is related to the ASM plasmon in the gated channel, and the peak C 2 is related to the plasmon in the ungated channel. As referring to the tunability of these plasmons, it is related to the field distributions along the channel as depicted in Figs. 5(c)-5(e). We find the spreading of electric-field line over the side channels in Fig. 5(e) , and thus the frequency of these plasmons is strongly affected by the electrical parameters along the side channels. By using the equivalent circuit model, as shown in [20] , the reflection coefficient (the ratio of internal reflected and incident waves) at the interface between gated and ungated channels is given as follows:
where
is the characteristic impedance in the gated and ungated channels, and C g/ug is the characteristic capacitance in the gated and ungated channel (C g/ug~0 .3pF/cm). Figure 5 (f) shows the change in resistance R g or kinetic inductance L g with the sheet electron density in the gated region of the channel. The results indicate that the resistance or inductance increases dramatically when the channel is nearly pinched off (around 5 × 10 at the interface between gated and ungated channels. Therefore, the frequency of ungated ASM plasmon can be tuned above threshold as shown in Figs. 5 (a) and 5(b).
From Fig. 5 we notice that ASM plasmon mainly locates on the higher order shoulder of SM plasmon, such phenomenon is similar to previous results appearing in [41] and [38] . The frequency of such plasmon in GaN HEMT is several times higher than that in [41] due to its potentially higher electron density. At the frequency higher than 10THz, the optical-phonon excitation by the incident wave cannot be neglected in GaN or the substrate which supports the entire device. The phonon absorption may cause the limits of these results to practical applications. As example, for sapphire substrate [42] , there are four infrared active modes with dipole moment being perpendicular to the c-axis and the frequency interval between transversal and longitudinal optical vibration modes is from 14 to 30THz. Therefore, the contribution of resonance C may be covered with the zero transmission during the FTIR experiments [26] . Our recent results indicate that the reflection from substrate can enhance the strength of plasmon resonance significantly, and such mechanism is required to have further investigation. Thus, if one wants observe the ASM plasmon resonance in the thin channel layer with the frequency being higher than 10THz, it is necessary to reduce the absorption loss of phonons both in the buffer and substrate layers.
The tunability of resonance absorption of ungated plasmons in III-Nitride system
As shown in Sect. 3.3, no obvious frequency shift of ungated plasmons can be observed. However, in [20] , the ungated plasmons exhibit obvious frequency shift as the gate voltage changes. In order to search the reasons for the deviation, we turn our attention to the device with shorter gate length (100nm), but the sizes of the ungated channel remain the same as that in Fig. 5 . By scaling the length of the gate fingers, the plasmon-induced electric field at two sides of the gate finger can couple with each other, so that the effect of voltage modulation on the frequency of ungated plasmons may emerge. The results obtained are shown in Fig. 6(a) . As expected, there is a significant frequency shift Δf of resonant peak D in the spectra of devices with or without the added gate, and plasmon resonance can be tuned from 1 to 4 THz through changing the gate voltage. These phenomena indicate that the tunability of the ungated plasmon can be improved by scaling the length of gate finger. For better visualization, the plasmon-induced field distribution along the channel is shown in Fig. 6(b) , stronger field coupling occurs at the two sides of the electrode after scaling the length of gate finger, while the weak coupling strength in long gate device leads to the poor tunability. It should be noted that there is significant near-field enhancement with the enhancement-factor (E gated /E 0 , where E 0 is the amplitude of incident wave) exceeding 100 for the device with 100nm gate length. The result also indicates the strong electromagnetic energy pumping at the plasmonic cavity as confined by the side channels. This may have important application in improving the efficiency of the photo-detection for the inter-subband transition in quantum-dot systems. To fully explore the capability of cavity-pumping and tunability of the ungated plasmons, it is necessary to investigate the plasmonic spectra of devices with different gate finger length and gate bias. They will be discussed in our future work.
Conclusions
We have investigated the plasmon resonances in AlN/GaN HEMT devices with the following aspects, (i) the THz absorption properties of gated and ungated SM plasmons in devices with different sizes, (ii) the dynamic properties of gated and ungated SM plasmons at the anticrossing regime of frequency dispersion, (iii) the tunability of ungated SM plasmons and ASM plasmons in gated and ungated channel, and (iv) the property of field-coupling between ungated plasmons. Our results indicate that the strength of plasmon resonance is increased when the two plasmons are commonly excited. However, the splitting of plasmon resonance is hardly observed at such a regime due to the in-phase charge oscillating across the boundary between gated and ungated channels. Except for the ungated SM plasmons, the ASM plasmon with wider frequency tunability can also be excited in the ungated channel. In regard to the tunability of the ungated SM plasmons, it is indicated that the field coupling between these plasmons at two sides of gate finger plays an important role. In the devices with a short gate length, significant near-field enhancement with an enhancement factor greater than 100 can be reached due to the strong cavity pumping of electromagnetic energy. The property may have important application in improving responsivity of quantum-structure detection system.
